The discrepancy between the theoretical prediction of primordial lithium abundances and astronomical observations is called the Lithium Problem. We find that extra contributions from non-thermal hydrogen and helium during Big Bang nucleosynthesis can explain the discrepancy, for both Li-7 and Li-6, and will change the deuterium abundance only little. The allowed parameter space of such an amount of non-thermal particles and the energy range is shown. The hypothesis is stable regardless of the cross-section uncertainty of relevant reactions and the explicit shape of the energy spectrum.
Introduction
Standard Big Bang nucleosynthesis (SBBN) is one of the three pillars of the Big Bang cosmology [1] . As a powerful tool with which to study the early Universe, particles.) Moreover, energetic helium will also destroy Be-7 via 7 Be(α, p) 10 B, and lower the amount of BBNCRs. Therefore, we consider not only the hydrogen isotopes as we did previously, but also consider helium isotopes as BBNCRs, and phenomenologically investigate the combination effect of the parameter space of the amount of BBNCRs and the energy range.
Methods and Modeling
SBBN assumes that nucleons are in thermal equilibrium with background plasma. We expect that some kind of plasma turbulence [23] or other mechanisms can feed energy to the thermal ions, so nucleons gain energy and deviate from thermal equilibrium. We proposed a toy model in [20] to show that a kind of electromagnetic acceleration mechanism might be a possibility (See Appendix A also).
BBNCRs consist of energetic hydrogen, namely protons, deuterons (D), and tritones (T), and helium, namely He-3 and He-4. Energetic BBNCRs may initiate some endothermic reactions with threshold energy excluded in SBBN, which will change the nuclide abundances. Therefore, we consider additionally these endothermic reactions in which high-energy hydrogen and helium participate.
The amount of BBNCRs should be low enough to avoid consuming too much D and remain consistent with the SBBN D abundance. However, the energy of BBNCRs should be high enough to trigger reactions to destroy Be-7 and produce .
The amount of each kind of BBNCRs must be much lower than that of the corresponding background particles. Obviously, it may be evolving during their work time with the Universe expanding, but for simplicity and as an average, we assume that the proportion of accelerated hydrogen to thermal hydrogen is fixed as a single free parameter ǫ that is unchanging during the BBN period; for helium, see below.
In the field of cosmic rays, the energy distribution is expected to obey a power law with a "knee" [24] :
For simplicity, we assume that the distribution of BBNCR hydrogen obeys a broken power law with a cutoff:
which is a special case of Eq. (1) with the power index α 1 = 0, α 2 = α = 4, p → ∞, and the turning point E C = 2 MeV. Similar to the GZK cutoff in cosmic rays [25, 26] , we introduce a sharp upper limit E upper , which is a free parameter in our model, and there is no BBNCR hydrogen once the energy exceeds the upper limit. The function f H (E) is normalized from 2 to 4 MeV:
Assuming that electric-charged particles are accelerated by electromagnetic force, and that the gain energy is proportional to the electric charge, we simply suppose that the energy of helium is 2 times that of hydrogen (See Fig. 1.) , with the explicit expression
Figure 1: BBNCR distribution of energetic hydrogen obeys a broken power law with a cutoff, with the power index α = 4, the turning point E C = 2 MeV, and a sharp upper limit of hydrogen, E upper . The energy of helium is 2 times that of hydrogen. (See Eqs. (2) and (4) for the explicit expression.)
Nuclear reactions occur between BBNCRs and background SBBN nuclei in a Boltzmann distribution. At the same time that BBNCRs destroy Be-7 and produce Li-6, they also initiate other processes, such as producing Be-7, destroying Li-6, and even destroying D. The D abundance is a constraint of our model.
Reactions added in our numerical computation are summarized in Table 1 . The cross-sections are taken from the experimental data sources DataBase EXFOR [27] and ENDF [28] . We take the D(p, n)2H cross-section with a shift of the threshold energy as a substitute for 7 Be(p, pα) 3 He, and take the differential cross-section of 3 He(α, p) 6 Li [29] as total cross-section, for a test. 7 Li(p, α) 4 He -destroys Li-7 4 He(t, γ) 7 Li -produces Li-7 T(α, n) 6 Li 8.388 produces Li-6 3 He(α, p) 6 Li 7.048 produces Li-6 7 Li(d, t) 6 Li 1.278 produces Li-6 7 Be(d, 3 He) 6 Li 0.144 produces Li-6 6 Li(α, p) 9 Be 3.540 destroys Li-6 6 Li(α, d) 8 Be 1 2.454 destroys Li-6 4 He(d, γ) 6 Li -produces Li-6 D(α, γ) 6 Li -produces Li-6 6 Li(p, α) 3 He 4 He -destroys D
Computation and Results
According to the Boltzmann equation [5] , variation of the abundance of nuclide i through the nuclear reaction,
(where N i is the number of particle i that participate in such a reaction), is described as
where 
where ρ b is the baryon energy density, N A Avogadro's number, σ the cross-section of the reaction, and v the relative velocity between the two particles i and j. The · · · denotes the average over different relative velocities. In the case of SBBN, · · · denotes the thermal average, while in the case of BBNCRs it can be computed as
where T is the Universe's temperature. The distribution of background particles
where k is Boltzmann's constant and E 1 the energy of the background particle. Thus, the normalization constant K 1 = 1 and the energy range is (−∞, +∞). Here, E 2 is the energy of BBNCRs and, for the distribution and normalization of BBNCRs, see Eq. (3). When the mass of the background particle is denoted by m 1 and that of the BBNCR m 2 , we can compute the relative velocity with the angle of incidence θ,
and incident energy E i ,
where m i is the mass of the incident particle. The normalization constant over θ is
We calculate abundances utilizing the updated version [30, 31] of the Wagoner code [32, 33] from [34] with appropriate modification in order to include new contributions from BBNCRs. We take the η value determined from fits to the power spectrum of the Cosmic Microwave Background (CMB) η = 6.19 × 10 −10 , and the neutron lifetime τ = 880.1 sec. The new contributions are added to the code as new channels.
Processing rates, which are defined as [35] (See Eq. (7), and H is the Hubble expansion rate, so 1/H indicates the characteristic time length.), are helpful to see the contribution to the final abundances and the work time of each reaction. If we choose ǫ = 1.6 × 10 −5 and E upper = 3.5 MeV (See below.), the processing rates of the destroying and producing 7 7 Li/ 7 Be, BBNCR reactions override SBBN ones all the time because of the large cross-section of 3 He(α, p) 6 Li.
There are two parameters in our model: ǫ and E upper . The former represents the amount of BBNCRs, and the latter indicates the highest energy that high-energy hydrogen achieves. According to observations, we scan the two parameters to find the observationally allowed space; that is, we take the Li-7 abundance 7 Li/H = (1.6 ± 0.3) × 10 −10 and the upper limit of the Li-6 abundance 6 Li/ 7 Li ≤ 0.05 [36] given in Particle Data Group (2014) [37] . Without a clear lower limit of the Li-6 abundance, we show the results in two cases for reference, 10 −13 ≤ 6 Li/H ≤ 0.05 × 7 Li/H and 10 −12 ≤ 6 Li/H ≤ 0.05 × 7 Li/H, respectively, in Figs. 6 and 7. In the figures, "in" and "out" indicate whether or not the BBNCR predicted abundances fall into the observationally allowed range.
It can be seen that there is a parameter space with which to reconcile the contradictory aspects of Li-7 and Li-6; meanwhile, the parameter space is almost harmless with respect to the D abundance. Percentages of ǫ deviation and Li-7 destroyed are of the same order of magnitude. For example, a 10% increase of ǫ leads to 10% more Li-7 destroyed. For Li-7, ǫ and E upper are substitutions: higher E upper means less ǫ. However for Li-6, energetic helium promotes Li-6 significantly. Once the Li6(n,γ)Li7 He3(α,γ)Be7
Li6(p,γ)Be7 H3(α,γ)Li7 CR He3(α,γ)Be7 CR Li7(p,n)Be7 CR Figure 3 : Processing rates of the reactions of producing 7 Li/ 7 Be in the case of BBNCRs with ǫ = 1.6 × 10 −5 and E upper = 3.5 MeV, where "CR" indicates the reactions that BBNCRs participate in. reaction 3 He(α, p) 6 Li is triggered by BBNCR helium, Li-6 can be complemented, so the Li-6 abundance is more sensitive to E upper than to ǫ. The evolution of D, Be-7, and Li-6 abundances as a function of the Universe's temperature with the two BBNCR parameters allowed by Li-7 and Li-6 abundance observations, namely those shown in Fig. 7 , is shown in Fig. 8 . It can be seen that the D abundance changes little. Figure 6 : Parameter space of ǫ and E upper . We take 7 Li/H = (1.6 ± 0.3) × 10 −10 and 10 −13 ≤ 6 Li/H ≤ 0.05 × 7 Li/H; "in" and "out" indicate whether or not the BBNCR predicted abundances fall into the observationally allowed range.
The evolution of all light element abundances as a function of the Universe's temperature is shown in Fig. 9 with, for example, ǫ = 1.6 × 10 −5 and E upper = 3.5 MeV. The solid lines denote the BBNCR results and the dashed lines those for SBBN.
Many groups also give lithium abundance observation results, and the maximum and minimum of allowed parameters according to other choices of lithium abundance observations [38, 3, 39, 40, 41] are listed in Table 2 . It is not difficult to see that there is an allowed parameter space for each choice. These allowed ranges do not coincide because there is no overlap of all choices of lithium abundance observations.
The cross-sections of 7 Be(p, pα) 3 He and 3 He(α, p) 6 Li are uncertain. We test the effect of cross-section uncertainty in two cases: (1) The trial cross-sections time 1/10. (2) The cross-sections are constant, using the value once the energy exceeds the threshold. (The former is 0.22 mb and the latter is 5.2 mb.) The Figure 7 : Parameter space of ǫ and E upper . We take 7 Li/H = (1.6 ± 0.3) × 10 −10 and 10 −12 ≤ 6 Li/H ≤ 0.05 × 7 Li/H; "in" and "out" indicate whether or not the BBNCR predicted abundances fall into the observationally allowed range. maximum and minimum of the allowed parameters are listed in Table 2 . It can be seen that the cross-section uncertainty will change the parameters only little, relative to the cross-section changes; that is, our BBNCR hypothesis is insensitive to the amplitude or resonance peak of the uncertain cross-sections.
Another test is on the energy spectrum. The explicit energy spectrum shape is fixed, and we test some other shape choices. We suppose that the energy distribution of BBNCRs ( f He (E) = f H (E)) is uniform all through; namely the power index α = 0 even for E C < E < E upper , and is still normalized from 2 to 4 MeV. Moreover, the upper limit of helium energy is 2 times that of hydrogen, as before. The maximum and minimum of the allowed parameters are listed in Table 2 . It can be seen that our hypothesis is also insensitive to the explicit shape of the BBNCR energy spectrum.
Conclusions and Discussion
As an extension and completion of our preliminary work, a BBNCR solution that does not stray far from the SBBN model and is different from the New Physics sectors is proposed in this paper. In the case in which BBNCRs consist of both hydrogen and helium isotopes, we find that there an allowed parameter space of the amount of BBNCRs (ǫ) and the highest energy that high-energy hydrogen achieves (E upper ) exists to explain the discrepancy between theoretically predicted Li-7 and Li-6 abundances and astronomical observations, while other element abundances change little. A recommended parameter choice is ǫ = 1.6 × 10 −5 and E upper = 3.5 Table 2 : Maximum and minimum of allowed parameters according to other choices of lithium abundance observations, cross-sections, or energy spectrum.
Choice ǫ range E upper range (10 −5 ) (MeV) a. Other choices of lithium abundance observations. 7 Li/H = (1.6 ± 0.3) × 10 −10 and 10 −12 ≤ 6 Li/H ≤ 0.05 × 7 Li/H [36] .
[ 3 He cross-section is 0.22 mb and the 3 He(α, p) 6 Li cross-section is 5.2 mb, once the energy exceeds the threshold. 7 Li/H = (1.6 ± 0. MeV. In addition, the 7 Be(p, pα) 3 He and 3 He(α, p) 6 Li cross-section uncertainty will also change parameters little, relative to the cross-section changes. It is worth mentioning that the explicit energy spectrum in Fig. 1 may be not necessary, since our hypothesis is insensitive to the explicit shape of the BBNCR energy spectrum. However, the highest energy that BBNCRs achieve and the amount of BBNCRs matters. The amount of BBNCRs and of Li-7 destroyed are nearly proportional: for example, a 10% increase of BBNCRs leads to 10% more Li-7 destroyed. Once the reaction 3 He(α, p) 6 Li is triggered by BBNCRs with enough energy, Li-6 can be complemented. Under our hypothesis, the D abundance changes little (about 0.4% destroyed), which is safer than the situation in which BBNCRs consist of only hydrogen discussed in our previous work [20] , because of the lower the amount of BBNCRs when high-energy helium is considered. BBNCRs may promote B-10 via 7 Be(α, p) 10 B to 10 −12 , approaching the upper limit of observations [42] , and may also produce more Be-9, C-12, and C-13 than SBBN. A larger amount of primordial CNO would affect the first generation of stars (or Population III) [43] . Precise observations may or may not support our hypothesis.
The BBNCR source is still an open question. For example, just as with a 10 −5 turbulence in CMB, it seems natural that there is a 10 −5 turbulence of plasma flux (namely O(10 −4 ) of total energy) during BBN, regardless of acceleration or energy injection mechanism. Clarifying the acceleration or energy injection mechanism is beyond the scope of this paper and deserves further study; specific goals of future work include: (1) How the required amount can be induced; (2) How the required energy can be achieved; (3) How the BBNCRs vary during their work time.
A little later than the electro-weak phase transition (T EW = 100 GeV), B EW = 10 14 T, L EW = 10 −5 × 10 4 = 10 −1 m, using such initial parameters and extrapolating to, for example, 0.03 MeV, we get the induced electric field E ≈ 10 3 V/m when the Universe's temperature T = 0.03 MeV. So an electric-charged particle such as hydrogen and helium which is undergoing such electric field will gain energy ∆E ≈ qEL free = qEv ∥ τ ther , where q is the electric charge of the particle, L free the free path of an energetic (O(MeV)) particle, v ∥ the particle velocity parallel to the electric field, τ ther the thermalization time. Since v ∥ = 10 −2 c (c is the light velocity), τ ther ≈ 10 −4 sec [45] , the possible energy gain of an accelerated proton ∆E ≈ 10 5 eV, and that of a helium is 2 times. Charged particles have a opportunity to be accelerated several times and thus to gain O(MeV) energy. Therefore, the energy spectrum will not be too hard.
B Summery of ignored nuclear reactions
Exothermic reactions, and endothermic reactions, with threshold energy, for example, below 5 MeV that energetic hydrogen (p, D, and T) participates in, and with threshold energy, then, below 10 MeV that helium (He-3 and He-4) participates in, are summerized here. Since there is no stable element with mass number A = 5 or A = 8, the following element decays are worth mentioning: (1) T decays to He-3, and considering no constraint on the primordial He-3 abundance, reactions that destroy and produce T/He-3 simply are not added in our numerical computation; (2) He-6 decays to Li-6; (3) Li-8 decays to 2α; (4) B-8 decays to 2α; (5) Li-9 decays to 2α or to Be-9; (6) Be-10 decays to B-10; (7) C-10 decays to B-10; (8) C-11 decays to B-11. D + 3 He → p + 4 He, T + 3 He → γ + 6 Li, T + 3 He → D + 4 He, T + 3 He → n + p + 4 He, 3 He + 3 He → 2p + 4 He, 6 Li + 3 He → p + 2 4 He, 6 Li + 3 He → D + 7 Be, 7 Li + 3 He → 4 He + 6 Li, 7 Li + 3 He → D + 2 4 He, 7 Li + 3 He → n + p + 2 4 He, 7 Be + 3 He → 2p + 2 4 He, 3 He + 4 He → γ + 7 Be.
B.2 Ignored endothermic reactions
The following endothermic reactions with threshold energy below 5 MeV that energetic hydrogen participates in, and with threshold energy below 10 MeV that energetic helium participates in, may produce elements with mass number A ≥ 9, such as Be-9, B-10: 6 Li(α, p) 9 Be (E th = 3.5 MeV), 7 Li+ 4 He → p+ 10 Be (E th = 4.0 MeV), 7 Li + 4 He → n + 10 B (E th = 8.8 MeV), 7 Be + 4 He → n + 10 C (E th = 8.8 MeV).
Besides those in Table 1 and above, the following endothermic reactions that energetic hydrogen and helium participate in are less sufficient, so they are ignored and not added in our numerical computation:
T + p → n + 3 He (E th = 1.0 MeV), 6 Li + p → p + D + 4 He (E th = 1.7 MeV),
